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EXPERIMENTALINVESTIGATION

OFCRUCIFORMTRIANGULAR

TIONSAT MACENUMBERS

OFTEEDAMPINGINROLL

WING-BODYCOMBINA-

FROM1.5TO 6.0

By AlfredG.Boissevain

Measurementshavebeenmadeofthedampinginrollof cruciform
triangularwingsof aspectratios0.64,1.28, and2.31 at t3UptXWOdCMach
numbersfrom1.5to6.o, Thedatawereobtainedby launchingmodelsfrom
rifledgunsandanalyzingthetimehistoryof themodelrollpositionin
freeflight..

Lineartheory,modifiedforwing-winginterferenceinthepresence
. ofthebodyandforwing-bodyinterference,is showntobe in goodagree-

mentwithexperimentatvaluesofthereducedaspectratio,~, below
about2.5andin fairagreementatvaluesof j3Aabove4.0. A severe
disagreementbetweentheoryandexperimentoccursneara j3Aof 4.0
wheretheIkchnumbernormalto thewingleadingedgeistransonic,sim-
ilarto theusualfree-stresntransonicMachnumbereffectsonrectangu-
larwings.Thedsmping-in-rolldataofthepresenttestsarein fair
agreementwithwind-tunneldatafromotherfacilitiesbutareappreciably
higherinmagnitudewhencomparedto data
testvehicles.

fromfree-flightrocket-powered‘

INTRODUCTION

Thedamping-in-rollcoefficientis oneofthemoreimportantparam-
etersaffectingthedynsmicstabilityof aircraft.Thedampinginroll
oftriangularwingsin supersonicflowhasbeenthesubjectof extensive
theoreticalinvestigations,references1 to 6. Thesestudiesindicate
thatforairfoilsofvanishingthickness,thevsriationof thereduced

. damping-in-rollcoefficient,XZP, isa uniquefunctionofthereduced
aspectratio,@L Thedevelopmentofthetheoryis rathercompletein
thata singlewingwithandwithouta bodyandcruciformwingswithout

.
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a bodyhave
theorydoes

beentreated.It shouldbe pointedout, however,thatthis
notpredicteffectsofairfoilsectionorthickness.

Theexperimentalevaluationofthetheoryhas,forthemostpart,
beenconfinedtoMachnumbersbelow2 andvaluesof @ lessthan4
(subsonicMachnumbersnormaltothewingleadingedge).A comparison
oftheresultsof these
ratherpoorcorrelation
of fiOpercentcentered
majorityofthedata.

A seriesof tests,

experimentalinv&tigati&s~refs.7 to-is) shows
amongtheexperimentalcurves,althougha spread
at80percentoftheorywouldencompassthe

whicharethesubjectofthisreport,havebeen
performedto determine-theeffectsof changingthetest&ch-numberand
thewingaspectratioontheapplicabilityofthetheoryforan other-
wisefixedwing-bodyconfiguration.A furtheraimof thepresentinves-
tigationwasto extendthecoverageof experimentaldatatovaluesof @
above4 (supersonicMachnumbersnormalto thewingleadingedge)andto
Machnumbersashighas 6.o.

These testswereperformedinthe
tunnelonwingsofthreeaspectratios
TheReynoldsnmber,basedonthewing
from0~5to 4.5 miliion.
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SYMBQLS

Amessupersonicfree-flightwind
atMachnumbersfrom1.5 to 6.o.
meanaerodynamicchord,varied

.

boundaryconstantsinrollequation
2

aspectratio,J?_
s/2

wingspan,ft

rolling-momentcoefficient,rollingmoment
qsb

dC~
dsmping-in-rollcoefficient,—

d??$

constantusedinrollequation

bodydiameter,ft

axialmomentof inertiaofmodel,slug-ft2

rollingmomentduetorollingvelocity,ft-lb/radian/sec

.

.

.



NACARMA54B15a 3

*

Lo

. M

P

&
2V

.

T

()tT root

ot’
F

tip

wind
Mach

rollingmomentdueto asymmetry,ft-lb

Machnumber

rol13ngvelocity,radians~sec

helixanglegeneratedby wingtipinroll,radians

dynamicpressure,lb/sqft

totalareaof allfourwingpanels,includingareainside.
body,sqft

time,i3ec

thickness-chord

thiclmess-chord

ratioofwingrootchord

ratioofwingtipchord

velocityofmodelwithrespectto airstresm,ft/sec

JFz
reducedaspectratio

airdensity,slugs/cuft

rolJ.angle,radians

APPARATUS,TECHNIQUE,

Facility

ANDMODELS

TheinvestigationwasconductedintheAmessupersonic!free-flight
tunnelwhichisa shortballisticsrangeinsidea variable-pressure,
number2,blowdownwindtunnel.Themodelsarelaunchedfromguns

mountedinthediffuserandtravelupstreamthrough
testsection.Detailsofthefacilityaregivenin

the15-foot-long
reference14.



4

Technique

NACARMA51B15a

Thedatawereobtainedfrommeasurementsofthemodelroll.position
as a functionoftime. Rifled20m and37 mmgunswereusedto launch
themodelsata highinitialrate of roll(300to1200rps). Theroll
anglewasrecordedby a csmera,mountedonthemodelcatcherinthewind-
tunnelsettlingchamber,takinghigh-speedmotionpictures(5000frames
persecond)of theoncomingmodelsilhouettedagainstthereflectorof
an electricarcsearchlight.Thethe standardwassimultaneously
recordedon theedgeofthefilm. Thearrangementof theequipmentused
forthepresenttestis showninfigure1. Figure2 isa portionofa
typicalfilmrecordshowingsuccessiveframesandtimingmarks.Inthe
fourframesshown,themodelrollattitudechangedby about45°, corre-
spondingtoa rollvelocityofabout200revolutionspersecond.The
roundobjectaboveandto theleftofthemodelisthesabotbaseused
in launchingthemodelwhich,becauseof itshigherdrag,travelsseveral
feetbehindthemodelinthetestsection.Valuesof T as a function
of timewereobtainedfromfilmrecordssuchas theoneshown.

Models
.

Themodelsusedinthepresentinvestigation,shownasa sketchin
figure3 givingover-all.dimensions,andina photograph(fig.4),con- .
sistedofcone-cylinderbodiesof finenessratio15 onwhichweremounted
cruciformsweptbacktriangularwingsactingastailsurfaces.Theratioof
wingspantobodydiameterwas3.0. Threevaluesof aspectratiowere
tested,0.64, 1.28, and2.31,correspondingto sweepbackanglesof81°,
72°,and60°. Theairfoilsectionparallelto themodelaxiswasthe
sameforallconfigurations,consistingofa flatplatewitha symmetri-
calwedgelea~g.edgeanda blunttrailingedge. Theincludedleading-
edgewedgeangle,9.1°,wasequivalenttothatfora symmetricaldouble-
wedgeairfoil8 percentthick.Becauseofthevariationin sweepangle,
theleading-edgewedgeangleperpendicularto thewingleadingedge
variedbetweenmodelsof differentaspectratios,as showninfigure3.
Thewingsandthatportionof thebodysupportingthemweremachinedfrom
aluminumalloy.Therestofthebodywasmachinedfromeithersteel,
aluminum,ormagnesiumalloy,dependingonthelongitudinalstability
requirements.

Themodelsshownin figures3
forpurposesof thetestsreported
ficationsto severalof themodels
ratio0.64modelsweremodifiedby

andkwereemployedas standardmodels
herein.Theeffectof certainmodi-
wasalsoinvestigated.Twoaspect
reducingtheleading-edgewedgeangle

normalto thewingleadingedgefrom53.7’0-to29.4°.Severalaspect
ratio1.28and2.32modelswere modifiedby alteringthesurfacecondi-
tionofthewingleadingedges,as showninfigure5. Figure5(a)shows
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theleading-edgeconditionofa standardmodeljwhereasfigures5(b)and
5(c)show,respectively,theroughandsmoothconditionsforthewing
leadingedgesofthemodifiedmodels.

A photographofan aspectratio1.28 modelmountedina launching
sabotis shownas figure6.

and
the

REDUCTIONOFDlfFA

Thedatareductionwasbasedonthemethodpresentedinreference15
isdescribedindetailinreference14. Thesereferencesassumethat
singledegreeof freedom

Ix

describestherollingmotion

equationofroll~

d2P
P

=Lo+~p (1)

of themdlels.Thisexpression,whensolved
for q intermsoftheindependentvariable,T, canbe expressedas

~=
- c1-al+ peT+ *e (2)

. where p istheequilibriumrateofroll,al and~ areconstantsof
integrat%u,and

c
()

= -C2 b qsb
P ET

An effortwasmadetouseequation(2)to reducethedataof this
investigation.A fewtrialsshowedthatsatisfactoryfittingofthe
datacouldbe achieved-withvaluesof Pe ad c ~~w over~ ~ac-
ceptablylargerange.Theexplanationforthisfollowsfroma consid-
erationof equation(l). Thisequationshowsthatto findthetotal
rollingmomentactingonthemodel}Lo + ~~ the~~ for cpasa
functionof T must be differentiatedtwice.If ~and~ aretobe
separated,itamountsto solvinga pairof simulkeousequationswhich
containtwodistinctvaluesof therollacceleration.In effect,the
thirdderivativeof q withrespectto T mustbe known.me titswere
notpreciseenoughto givethisinformationbecauseoftheshortlength
ofthetestrange.If,however,therollingmomentdueto asymmetry,Loj
isassumedzero;thee~ression”for

9’ al+

rollanglesimplifiesto

a2e-cT (3)

.i
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andthepresentdataareadequate.Therefore,equation(3)wasusedfor
analyzingthedataof thisinvestigation.Justificationforassuming
Lo = O,anderrorsduetothisassumption,arediscussedinthefollow-
ingsection.

Becauseof theredundancyofthedata,a solutioncanbemadefor
theconstantsal,~, andc by themethodofleastsquaresasdes-
cribedinreference14. Thecurveof figure7 isa plotofthecomputed
variationof ~ with T as obtainedfromtheoptimumvaluesofthe
constantsfora representativerun. A straightlineisincludedfor
comparisonto showthecurvatureofthelinedefinedby thedata.

ACCURACY

Becauseofthenatureofthetest,a realisticestimateofthe
accuracyofthedataispossibleonlyfroma considerationofthecon-
sistencyofthedata. Theassumptionofmodelsymmetryisbelievedto
be themqstimportantsourceofpotentialerror.However,thefinmis-
alinementsweremeasuredona surfaceplateandfoundtobe nomorethan
a fewten-thousandthsofan inchovertherootchord.A systematicerror
infinalinementofabout0.001inchonallfourpanelswouldproducea
10-percenterrorinthedsmpinginrollfortheworstcondition.Since
themeasuredmisalinementwasmuchsmallerthan0.001inchandwasnot
systematic,it isbelievedthatthissourceof errorison theorderof
a fewpercent.

Theprobableerrorsinmeasurementoftestconditionsandmodel
dimensionsarelistedbelow.

V *1percent
p *0.1percent
b *0.1percent
T +0.2percent
S *0.05percent
Ix*0.5percent
P *0.015radians

Sincethemodelswereflowninfreeflight,theyexperiencedsmall
oscillationsinbothpitchandyaw,usuallylessthan3°. Theresults
ofreference16 indicatethatanglesofattackofthisamplitudeproduce
negligiblerollingmoments,regardlessof roll position.

TEEOREI’ICALCONSIDERATIONS

Thesolutionforthedamping-in-rollcoefficientofa triangular
wingin supersonicflow,basedon lineartheory,is giveninreference1

.

.
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.
andispresentedas thedottedcurvein figure

7

8. ‘I!hesolutionobtained
by applfingslender-bodytheoryto thesameproblem(ref.2) ispresented

- as thedashedcurveof figure8. Bothof theseassumea planarwingwith
nobody. Thelineartheory,modifiedinthemannerdescribedinthefol-
lowingparagraphsto correspondtoa cruciformwing-bodyconfiguration
is shownin figure8 as thesolidcurve.

Presentedinfigure9 arethecorrectionfactorsappliedto the
lineartheoryto accountforwing-bodyinterferenceandforwing-wing
interferenceinthepresenceofa body. Theeffectofaddinga bodyto
a setofplanarwingsisderivedinreference2 fortheconditionof @
lessthan4 andinreference3 fortheconditionof pA equalto or
greaterthan4. Thesetheoreticalresultsarepresentedinfigure9 as
thecurveofwing-bodyinterference.Thetheoreticaleffectof adding
extratingpanelsis deri’vedinreferencek by useof slender-bodytheory
and.inreference5 by useof linearizedtheory.Theeffectofaddinga
bodyat thesametimeis consideredinreference6 by useof slender-body
theory.Whilea rigoroussolutionfortheeffectofthebodyonthewing-
winginterferenceforthenonslendercaseiscomplicated,an approximate
solutioncaneasilybe obtained.Theaffectedareasofthead~acentwing
panelaresimplydefinedif it isassumedthattheperturbationsfromthe
intersectionof thewingleadingedgeandthe-bodymusttravelalongthe
surfaceof thebodyina helicalpath,definedby thebodyradiusand.
Machangle,to theadjacentwingpanelbeforetheycanaffectit. These
affectedareasarethenconsideredtobe actingat 81-percentefficiency

. comparedto an isolatedplanarwing(refs.4and5)whiletherestofthe
wingisassumedto actat K10-percentefficiency.A correctionfactor,
basedonthemomentoftheareasaffected,is obtainedandispresented
in figure9 asthecurveofwing-winginterference.Thisfactorisa
Uniqu;functionof $A fora given;alueof span

RESULTSANDDISCUSSION

tobodydiameterratio.

Thecompleteresults of thepresentinvestigationarepresentedin
figures10(a)through1O(C)asa seriesofplotsof pCZpvs. @l. The
curveofmodifiedlineartheory,presentedpreviouslyin figure8, is
includedin eachof theplotsforcomp=ison.Thefairingofthedata
foreachaspectratiowasguidedby thedatafortheotherconfigura-
tions,especiallyforthecaseof figure10(a).Figure10(d]isa col-
lectionof thefairedexperimentalcurvesof figures10(a)through1O(C),
againincludingthecuxveofmodifiedlineartheoryforcomparison.

.

racy
.

C~arison WithTheory

Thetheorypredictsthedamping-in-rollcoefficientwithgoodaccu-
atvaluesof @l belowabout2.5. Neara pA of 4 (transonicMach
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nunibersnormaltothewingleadingedge),thedifferencebetweentheory
andexperimentbecomesmarked.Thebehaviorofthedamping-in-roll
coefficientinthisvicinityshowsa strongsimilaritytothevariations
inliftanddampinginrollofrectangularwingsneara free-streamMach
nmnberof1.0,andwillbe discussedlaterinsomedetail.Atvalues
of @ wellabove4.,thedataareinfairagreementwiththeory.

Theagreementwhichisobtainedbetweenexperimentandtheoryis
surprisingwhenthedifferencesbetweentheactualandassumedflow
fieldsareconsidered.Examinationoftheflowfieldsinthevicinity
ofthewingsasrecordedinshadowgraphs(fig.11),shuwsthepresence
of shockwavesofappreciablestrength,insteadoftheinfinitesimaldis-
turbancesallowedby lineartheory.Detachedshockwavesoccurredat @
greaterthan4,eventhoughtheorycallsforMachlinestobe sweptbehind
theleadingedge.Theseareeffectsoffinitethicknesswhich,perhaps
fortuitously,didnotcausetheexperimentaldampinginrolltodeviate
fromtheory.

To seeiftheagreementwouldbe affectedby a changeintheairfoil
section,thewedgeanglenormaltotheleadingedgewasmodifiedontwo
modelswithaspectratio0.64 wings.Thisanglewasmadeequalto the
correspondingangleonwingofaspectratio1.28, resultinginanangle
roughlyhalftheoriginal.Thesemodelsweretestedata ~ of2.8
(triangulardatapointsoffig.10(a)),theresultofwhichshowedno
detectablechangeinthevalueofthedamping.

TransonicEffects

WhenthedataofthepresenttestsareplottedagainsttheMachnum-
bernormaltothewingleadingedge,thecurveoffigure12isproduced.
Alsoshowninfigure12aredatafromreference17 onthedsmpinginroll
ofrectangularanduntapered45°sweptwingswithanNACA65AO09airfoil
sectionaudaspectratioof3.7. Itisinterestingtonotethatinspite
ofthewiderangeoffree-stresmMachnunibersrepresentedby a given
valueoftheabscissa,thedamping-in-rollcoefficientofallthewings
showa marked’reductionattransonicMachnumbersnormaltothewing
leadingedge.Theminimumvaluesofthedsmping-in-rollcoefficientall
occuratMachnumbersnormaltothewingleadingedgebetween0.90and
1.00,correspondingtoa free-streamMachnumberofabout6.oforthe
modelsofaspectratio0.64endabout2.0forthemodelsofaspectratio
2.31. ThedataInmwntotheauthoronthedampinginrolloftriangular
wingsdonotshowanysimilarseveredecreaseindampingnear f3Aofk.
However,theresults~freference18 showedthattransonicshockcondi-
tionsontriangularwingsaresimilartothoseoccurringonrectangular
wingsintheusualtransonicflow.
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.
Thethickness-to-chordratioof thewings

variedfrom2.6 percentand3.9percentatthe

9

usedinthepresenttests
rootchordto 16percent

. at thetipbecauseofthetypeofairfoilsectionused. It shouldbe
pointedout,however,thatthewedgeangleparallelto theairstresmis
equivalentto thatforsm 8-percent-thickdouble-wedgeairfoil.It iS
probablethatthishighthickness-to-chordratioat andnearthetipwas
a contributingfactorto thesetransoniceffectssinceit iswellkncmn
thatthickairfoilsshowmoreseveretransonlceffectsthandothinsec-
tions.

Thefairingofthedatacurvesinthisregionisnottoowell
defined,exceptinthecaseof theaspectratio2.31wing;however,there
isan indicationthatforthewingsofthepresentinvestigation,increas-
ingtheaspectratioincreasestheseverityof thelossindsmping.

As isusualintransonic-flowproblems,sensitivityto thenature
oftheflowintheboundarylayerwasfound.In thecaseof theaspect
ratio1.28wing,theboundary-layercharacterwasalteredby polishing
orrougheningthewingleadingedge. Thesmoothandroughconditions
areshownin figure5. Unpublishedexperimentsinthesupersonicfree-
flightwindtunnelhaveindicatedthatfortheReynoldsnumbersendtest
conditionsencounteredin thistunnel,a leadingedgenotchedin theman-
nershowninfigure5(b)tillproduceturbulencestartingat theleading.
edge. Thedifferenceindsmpingproducedby thesevariationsis shown
infigure10(b).Theeffectof changingtheboundarylayerfromlsminar
toturbulentis toreducethe&nping.in-rollcoefficientatvaluesof.
w slightlylessthan4 andto increaseitatvaluesof @ above4.
Thisdifferenceappearstobe limitedto theregionof transonicflow
normalto thewingleadingedge. Onepointwasobtainedwitha rough
leadingedgeontheaspectratio2.31modelin thistransonicrangeand
shuwedno effect (fig.1O(C)).No effortwasmadeto completelydefine
thiscase.

ComparisonWithOtherFacilities

Figure13 comparesthedataof thepresent.investigationandthe
collecteddataofreferences7 to 13. Theagreementofthepresentdata
andthatofwind-tunneltests,shownby individualpoints,is fair. The
dataoffree-flightrocket-poweredmodelsliegenerallylowcomparedto
thepresentdata. It shouldbe emphasizedthatin everycasethedata
arecomparedwiththelinear-theoryvaluesfortheparticularconfigura-
tionswhichweretested.Forthetwo-andthree-wingcases,thesame
basicconceptswereusedas
thesectionon theory.The.
to 13wereallobtainedfor
(o to 0.07).

.

thosedescribedforthe&uciformcasein
dataof thepresenttestandofreferences7
thesamerangeofwing-tiphelixangles
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Systematicconfigurationaldifferencesweresoughtwhichcould
explaintheobservedvariationindamping.Forthispurposea more
detailedcomparisonwasmadeof thedataforaspectratio2.31wings.
Thesedataareshownin figure14. A carefulcomparisonofthesedata
withtheincludedchartof configurationaldetailsdoesnotleadtoany
definitepatternof correlation.Forexample,a comparisonofthedata
on thebasisof thevariousairfoilsectionsusedshowsthatthereis
betteragreementbetweenairfoilsofdissimilarshapeandthiclmessthan
formorecloselyrelatedairfoils.A similarcomparisononthebasisof
theratioofwingspantobodydiameter,b/d,showsthatthedataforthe
configurationswiththelargestvaluesof b/d agreedmorecloselywith
thoseforthelowestvalueof b/d thandidthedatafortheconfigura-
tionswithintermediatevaluesof b/d. A studyof thepossibleeffect
of otherconfigurationaldifferences,suchas thenumberofwings,posi-
tionof thewingson thebody,andthebody-shape,showedsimilarincon-
sistence.Therefore,forthepresent,thedifferencesinthedamping
cannotbe explainedonthebasisof configurationaldif-rencesalone.
Aeroelasticeffectsduetodifferencesinmodelconstmctionandcondi-
tionsof dynamicpressureunderwhichthetestsweremade,aswellas
generaldifferencesintesttechniques,might,inpart,accountforthe
observeddifferencesinduping.

CONCLUDINGRXMARKS

Free-flightmeasurementshavebeenmadeofthedampinginrollof
cruciformtriangularwingsatMachnumbersfrom1.5 to 6.o. Linear
theory,modifiedforwing-winginterferencein thepresenceofa bodyand
forwing-bodyinterference,wasfoundtobe in goodagreementwiththe
dataatvaluesof @ belowabout2.5. Theagreementbetweentheory
andexperimentis fairatvaluesof @ above4.0. Thereisa marked
disagreementbetweentheoryandexperimentneara @ of 4 (transonic
Machnumbersnormalto thewingleadingedge).ThevariationOf the
damping-in-roll.coefficientwithtransonicMachnumbersnormaltothe
wingleadingedgeshowsa markedsimilarityto thevariationofthe
dampinginrollofrectangularwingswithfree-streamtransonicMach
numbers. Inthissamespeedrange,themodelsofaspectratio1.28 were
sensitivetotypeofboundary-layerflow.

Thedataofthepresenttestswerein fairagreementwithwind-
tunneldataobtainedfromspinningmodels,butwereappreciablyhigher
inmagnitudewhencomparedwithdataobtainedfromfree-flightrocket-
poweredtestvehicles.An efforttoexplainthesedifferencesinterms
of configurationaldifferenceswasunsuccessful.

. .

.

AmesAeronauticalLaboratory
NationalAdvisoryComniitteeforAeronautics

MoffettField,Calif.,Feb.15,1954
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